FACILITY FORM 602

©

THE METEOROID ENVIRONMENT

OF PROJECT APOLLO

January 31, 1963

¢ e 3 . n e -
N©Y1-720258
(ACCESSION NUMBER) {THRU)
(PAGES) (CODE)
QL ~J17/ §e
(NASA CR OR TMX OR AD NUMBER) (CATEGORY)

Vo ﬁf
L

i



THE METEOROID ENVIRONMENT

OF PROJECT APOLLO

January 31, 1963

By G. T, Orrok
Bellcomm, Inc.
Washington, D.C.



TABLE OF CONTENTS

PURPOSE AND SCOPE

ABSTRACT

1. INTRODUCTION

2. METEOROIDS: GENERAL

3. PENETRATION CRITERIA

b, FLUX

5. THE PENETRATION HAZARD (NEAR EARTH AND DEEP SPACE)
6. THE LUNAR SURFACE - SECONDARY EJECTA
7. OTHER FLUX DATA

8. EROSION HAZARD

9. CONCIL.USIONS

REFERENCES

Appendix I - Penetration Criteria

Appendix IT The Properties of Visual Meteoroids

Appendix III Confidence in Equation (13)

Flux Chart Data

Appendix IV



PURPOSE AND SCOPE

To discuss the meteoroid hazard to the currently conceived
Apollo mission, a knowledge of three factors is required.

These are (1) the potential hazard offered by the environ-
ment, (2) the susceptibility of the spacecraft as indicated
by its detailed design, and (3) the allowable hazard, as
governed by considerations of over-all system reliability.

The scope of this document is restricted to the first factor.



ABSTRACT

The meteoroid hazard to the Apollo mission 1s reviewed, A
model for engineering design purposes 1s presented. The
principal assumptions are a Watson-style flux magnitude plot,
the Charters and Locke penetration criferion, a meteoroid
density of 0.5 gm/cc, and a mass of 2.5 grams for a zero
magnitude meteor of velocity 30 km/sec. After analysis of
available data, 1t 1s estimated that the solid skin thick-
ness required for protection to a given impact probability
is known to a factor of about 2.5 times.

The erosion rate in deep space is egtimated as 10-20
angstrom units per year, a negligible amount, The erosion
hazard near earth 1s troubled by contradictory information.
It i1s proposed that the meteoroid erosion rate is dominated
by sputtering effects, and that the total rate does not far
exceed 100 angstrom units per year.

Estimates of penetration and erosion on the lunar surface

are in some doubt. Pending the completion of current studies,
it is doubtful that the "hazards" exceed the deep space
values by more than a factor of two.



THE METEOROID ENVIRONMENT
OF PROJECT APOLLO

* * * * * * *

INTRODUCTION

The meteoroid hazard to Project Apollo includes, roughly,
any effect on mission success or mission safety owing to
collision with uncharted particles. Practically, bodies

of "rock" size (a kilogram or more, say) are so infrequent
in interplanetary space as to be negligible. The particles
of real concern have diameters of several millimefers, or
smaller, and weights in fthe milligram range. The velocities
of these particles are characteristic of any bodies in orbit
around the sun. -They range (at the earth's surface) from 10
to 70 km/second.

Enhanced or reduced hazards occur in regions where eilther
the mass or velocity distribution of the particles is affected.
Near a planetary mass, the particle velocities are increased.
A very large number of dust particles may be in closed orbits
around the earth. On the earth's surface, the atmsophere
reduces the hazard to nil; on the moon's surface, it seems
likely that quantities of secondary particles of low velocity
will be generated by each primary impact. The number of
particles is thereby increased.

The hazard to a given space flight may be described by two
numbers: firstly, a probability of puncture by larger and
less frequent masses; and secondly, a rate of surface
erosion by fine dust particles.

The puncture probability is proportional to the "exposure,"
E, of the spacecraft, defined as the product of its area
by the time it spends ‘in a region of homogeneous danger.
The units of exposure are chosen as square meters seconds.

The total hazard to a mission is then a sum of hazard rates
(per unit exposure) in the various reglons, times the ex-
posures in those regions.

Optimum - information for Apollo would come from penetration
depths measured in recovered capsules. For statistical
significance, it is desirable that the total exposure be
many times the Apollo exposgure.

In this review, we assume fthe Apollo area to be TO square
meters, and the 1eng§h of the mission to be 14 days. The
exposure is about 10%m© sec.

The currently available data is largely in the form of (a)
particle fluxes measured as a function of impact momentum
or meteor trall brightness, and (b) laboratory penetrations
by projectiles an order of magnitude slower than meteoric
velocities.



In the following pages the data are reviewed. An attempt is
made to produce a best estimate of hazard rates in the

various regions, together with an estimate of confidence.

Such an appraisal must be in part arbitrary: it is, of course,
subject to revision as more experimental facts become avail-
able.



METEORQIDSs GENERAL

This section is mainly concerned with definitions. For a (1)
broader background, the reader is advised to rea? %cKinley
or, for a splendid semitechnical account, Watson 2).

A meteoroid is a small object in space. Upon entering the
earth's atmosphere, it is consumed, emitting light -- in
short, it becomes a meteor. Heavier objects may reach the
ground. These may be recovered as meteorites. Lighter
objects too faint to be seen may generate enough ionization
to be detected by radar as radar meteors. Micrometeoroids
are particles sufficiently small that the heat generated .in
passing through the atmosphere can be radiated away without
the consumption of the body. The resulting micrometeorites
may be collected (as magnetic dust particles) on earth.

The meteorpids fall into two families characterized by
density. The first group, related to the asteroids, has
densities from 3 gm/cc (stone) to 8 (iron). Meteors
brighter thah magnitude -3 are predominantly asteroidal
particles.

The second group appears to be cometary debris. Often
localized in the orbit of a known comet, these particles

are of very low density (perhaps .05 gm/cc in some cases),
and are described as "dustballs" or "stoneflakes." These
are the fainter visual meteors and the radar meteors.

The structure of the smallest cometary particles is unknown.
It is difficult to conceilve of them as low density.

Space Distribution: The Showers

Most meteoroids belong to more or less defined assoclations,
i.e. rate fluctuations are large. This 1is particularly true
with dust particles observed by the artificial satellites.
Perhaps a quarter of visual meteors belong to major showers,
in which fluxes may considerably exceed the average, or ’
sporadic, flux. Five times is characteristic for a strong
yearly shower, such as the Perseids, in which the meteorpids
are spaced falrly uniformly around their orbit. An .increase
of a thousand times may occur for periodic showers, whose
particles are localized within the orbit. The duration of
intense showers can be extremely brief (1-5). The perlod with
which they recur may be many years. '

Table I is taken largely from reference (1). It shows the
names and dates of major showers, their radiants (apparent
origin in the celestial sphere), velocities, and an indication
of relative rates expected. It should be noted that there

are months - February and September - without major showers.



PENETRATION CRITERIA

The numerical quantity of immediate interest to Apollo 1is
the flux of meteoroids capable of penetrating a given
structural skin. Since the available information is not in
these. terms, we must use a "penetration criterion" relating
the physical parameters of the meteoroid and target to the
depth of penetration. In this section, we select the Ames
(Charters and Locke (3)) criterion. This cholce is some-
what arbitrary, and should be reconsidered in the light

of any new experimental information. As will be seen,
however, the differences among the various criteria are not
great.

Hypersonic Impact

The results of a hypersonic impact in a deep target can be
briefly described. By "hypersonic" we mean that the particile
velocity exceeds the speed of sound in the target. This is
about 5 km/sec for most structural metals. DMeteoric speeds
relative to spacecraft may range from zero to 70 km/second
averaging around thirty.

The experimental data on hypersonic impact (for velocities
greater than 10 km/sec) is sparse. The indications are that
impact craters are hemispherical, that the total ejected mass
is considerably greater than that ihcident, and that the
elastic or plastic constants of the substrate to some degree
control crater size. It is not clear what effect the relative
densities of particle and substrate have on the process.

Impact Models

We have studied a number of penetration criteria. These
are summarized in Appendix I. The results are as follows:
All criteria may be written in terms of the ratio of the

e jected mass, M, to the incident mass, m. For comparison,
they are put in the form:

- Ppa(V\b (1)
t \Vo/

slz'
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Here a and b are adjustable, v is the velocity of the particle,

and/9 are the densities of particle and target, and vg
is a cons%ant of proportionality dependent on the nature of
the target. Experimentalists tend to a ve dependence, while
theoreticians generally choose v.
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In the Ames criterion, the exponent a is +1, i.e. penetration
is directly proporticnal to the ratio of particle density to
target density. This seems to be the right way, though the
power Qf ¥he dependence is in some question. Of the other
criteria studied, none has a density dependence, save ﬁ%
indicated below zput'in the form of equation 1, Bjork( 's
equation does show an explicit density. However, his compu-
tations are only applicable to impacts between equal densities).

The normalizing constant, vy, i8 chosen in a number of roughly
equivalent ways. It may be related to the speed of sound,

as in the Ames criterion. In this form, vy = ¢/6.88, where

¢ is the speed of sound. It may be related to the strength

of the target material, via a "crushing strength," S, (Op'gs5))
or the Brinnell Hardness number (Eichelberger and Gehring% )

In these cases, the target density always appears in such a
way that vy may be written

v, =[S
\}Ft (2)

That is, the normalizing constant will vary with target density
in the same manner as the speed of sound.

Numerical Comparison - Conclusion

As summarized in Appendix I, these criteria give very similar

numerical results in the experimental hypervelocity range.
Choosing values suitable for normal impact of aluminum on
aluminum, we find that the criteria dependent on the first
power of velocity agree within thirty percent or so, and
similarly for the ve group. The two groups cross at about
eleven kilometers per second.

Essentially there is no choice on this basis, and we must
walt for good experimental measurements at twenty kilometers
per second before the two families can be distinguished.

The Ames criterion is chosen because of the density dependence,
which rests on experimental hypersonic impacts on lead targets.
It has been widely used in the literature.

The Ames criterion is usually stated as:

Io 2/3
p = 2.28 D v (3)

d fot c
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where p is the penetration in a semi-infinite target, and
d is the particle diameter. It is assumed that the particle
will penetrate a thin wall of thickness 1.5 p.

In the work following, we specialize to aluminum targets. We
shall use M.K.,S., units. If T is the thickness of material
just penetrated, the Ames criterion becomes

73 = 4,05 10713 £, Ve (4)

To convert to other target materials, equation (3) should
be used in the following form:

P ¢ \2/3
_Tl= I022

12 2 (5)
2 F1C1

where the subscripts 1 and 2 refer to the two materials.

Multiple wall structures may be more or less effective than
a single wall of the same total thickness. The appropriate
"oumper factor" should be empirically determined and used with
equation (5).



FLUX

Particulate matter in space 1s counted by a variety of methods
appropriate to the abundance of the bodies. As the flux goes
down, the exposure of the experiment Tuit become very large.
Thus Brown's collection of meteorites\() had an "exposure”

of nearly a _million square kilometers for a hundred years

(E = 1.6 1021 meters? seconds), while some microphone-type
detectors used on sounding rockets have exposures as small

as 5 m2sec and still obtain a reasonable number of counts.

Significant Flux

For an experiment of exposure, E, P impacts will be recorded
from a flux N:

P=NE D)1 (6)

For P << 1, P is the approximate probability of one hit.

For any mission, the "significant flux" is easily determined.
If the requirement on the hazard is, for instance, .999 chances
of no puncture, one must be concerned with the flux for whigh
P = 10-3. Thus, for the Apollo mission as a whole (Ep = 10°)
the "significant flux" is 10~1lm~2gec-1,

Similarly, for a suited astronaut (exposure, about 2 me for
1 day or about 2 105mesec) the significant flux is 5 10-9m~2sec~l-
Both of these fluxes are small relative to exposures which can
be flown today. They fall in the range of the radar meteors,
which fthus represent the principle source of new flux infor-
mation on penetration hazards. As of today, the best infor-
mation still rests on extrapolation from the visible meteors.
The radar data is said to be consistent with this approach.

The Flux of Visible Metecrs

The flux of visible meteors is "counted" against a magnitude
scale. The visual magnitude scale is a logarithmic brightness
ranking originally used merely tc order stars into.six groups
by brightness. Today, it has been made more quantitative.

The "illuminance,” or light flux per unit area (lumens/meters?)
1s related as follows to the visual astronomical magnitude,

M, of a point source:

M= 2.5 log (eo/e) (7)

This formula is given in the_Handbook of Geophysics(8).
The value of e, is 1.944 10~7 ft. candles, or 2.094 10~
meter candles ?l lumen/m2 = 1 m candle).



Other magnitude scales are defined for photographic plates.

The brightness ranks may be quite different for blue-sensitive
plates and the human eye. These matters are covered in greater
detail in Appendix II.

The cumulative flux, N, of meteors brighter than magnitude
M may be expressed by the following equation:

N = N, 16t (8)

Generally speaking, it 1s very unlikely that so simple a law
is valid. However, it seems to fit the facts reasonably
well, and allows ready computation. Accordin% to Whipple(9),
this may be fitted with the datum of 2.0 x 10° meteors
brighter than the fifth_incident on the earth each day. We
use a factor of 4.54 1019 meters?2 second for this exposure.,
This corresponds roughly to the area of the earth at 100

km altitude. One then obtains for the flux

-14 4+ 4M m-2 -1 (9)

Tt will be noted that the fifth magnitude flux is 4.4 10-12,
very close to the "significant flux" for the penetration of

the Apollo spacecraft. The exact form of the extrapolation(S)
is therefore not important. Estimates of this flux will vary
more than a factor of two; and, as indicated above, in showers
the flux itself may be elevated considerably for weeks at a
fime. Equation (9 is probably a suitable estimate of pene-
trating flux both near earth and in cislunar space. We must
now go on to the relationship between meteoroid properties

and visual magnitude.

Interpretation of Visual Magnitude

The visual magnitude of a meteor is a logarithmic measure
of the total luminous flux emitted by the meteor. If it

is assumed that the meteoroid is totally consumed, the
magnitude is a measure of the initial kinetic energy of the
particle.

The luminous efficiency of this process is an unknown. Opik(10)
gives a formula "for statistical use" in the analysis of,
"dustball type objects, (which appear to be in the majority
among visible meteors),” his equation 8-25:



_.9...

logm = 10.97 - 1.7 log v -~ 0.4 M {10)

This may be expressed in M,XK.3., units as

2

mve = 3.7 L v0.3 104-0.4M

(11)

where the dimensionless constant L allows one to adjust the
luminous efficiency around Opik'!s preferred value.

Appendix II contains a review of the luminous efficie?cg
problem, including recent experimental determinations 1 :21)
for solid particles. Since the structure and composition

of dustballs are unknown, these determinations are not directly
applicable; Opik implies that the luminous efficiency varies
differently with velocity for the compact and dustball meteors.

In Appendix II, L is chosen to make the zero magnitude, 30
km/sec meteoroid weigh 2.5 grams. The required value of L
is 2.78, with an uncertainty estimated as 3x.
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THE PENETRATION HAZARD (NEAR EARTH AND DEEP SPACE)

In the above sections, we have chosen a penetration criterion,
identified the crucial flux region as that of the visible and
radar meteors, written down the distribution law with magnitude,
and expressed the relationship between magnitude and kinetic
energy of the particle, We can now combine these to compute

the likelihood of penetration of a spacecraft of given exposure,
We combine equations (4), (9), and (11), obtaining

3N = 6.6 107°% v*3 L 7, (12)

The value for L was stated above. Sinece the influence of v is
very slight, we oho%se 30km/sec. A density for meteoroi?ggwust
be chosen, 500kg/m> (0.5g/cc) represents a current view .
An uncertainty of 5x brackets most suggested values and allows
for alterations in the penetration criterion., With these
choices, one obtains

35 = 2 10717 (M.k.S. units) (13)

This result is plotted in Fig. 1. Its validity is expected _ to
cover the penetration range, roughly up to fluxes of 107 m~™ sec™d
or so, The expected limits are discussed in Appendix IIT,
Equation (13) should be dependable to a factor of 15x in flux,

or about 2.5x in penetration,

The ,implication of this result for the Apollo mission may be
displayed as an 1llustration,, A recent statement of require-
ments for Apollo (M, Eimer 4)) indicates that the most serious
meteoroid problem lies in the service module., The walls can be
considered to have 10 mc surface area and to comprise two .043cm
aluminum sheets separated 2.5 cm,

The equivalent single thickness of aluminum is 8.5xlO"LL B meters,
where B is a "bumper effectiveness" factor which could be as high
as two times, but i1s more 1likely 1.5x because of structural
compromises, We take T = 1.3x107°m. From equation (13), or

Fig. 1, the cumulative flux penetrating this is N=9x10~ m~2sec 1

The skin exposure (in a 14-day mission) is E=1,21X107m2sec, and
P =EN = ,11, Since P is small, this equals the nominal
puncture probability, and the nominal relisbility is .90.
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THE LUNAR SURFACE - SECONDARY EJECTA

The hazard on the lunar surface 1s complicated by the
hypothesized secondary particles arising,from primary meteor-
oid impacts (Gault, Shoemaker, and Moore 113 These workers
estlmate thaE the flux of particles will be ralsed a factor

of 103 to 10 depending on the nature of the assumptions made
as to the lunar surface and the primary flux, These gecondaries
will be generally slow (averaging under a kilometer per second,
probably), only a small fraction having hypersonic velocities.
It is, however, estimated that several times the primary mass
will leave the moon.

Since penetration has been assumed proportional to kinetic
energy, and since the total energy availlable is conserved, it
is conceivable that the actual penetration probabilities are
at most doubled.

This is, in fact, our recommendation., We do feel that it is

an extremely tenuous recommendation; the fact that a "best
estimate" is optimistic is no excuse for ignoring the pessi-
mistic possibilities, Meteoroid penetration measurements should
be made on the lunar surface before the Apollo venture.

The penetration hazard on the lunar surface is then expressed
as

3N = 4 10717 (14)
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OTHER FLUX DATA

We have established above an estimate of the penetration
hazard based principally on the properties of the visual
meteors, There exists a considerable body of information
on the lighter and more frequent meteoroids. Obtalined
from satellite and other measurements, this infermation is
not directly applicable to penetration estimates, but is
essential for a discussion of erosion phenomena.

In this section we discuss the extension of the penetration
plot to very much higher fluxes, Only the satellite measure-
ments will be plotted, and the details of these will be
retained in Appendix IV. Most of the data has been taken
from , the review by Alexander, McCracken, Secretan, and

Berg (12),

Direct Measurement of Penetration

At least seven satellites have carried experiments designed
to measure the flux of particles penetrating some target.
The direct comparison of these requires the assumption of a
penetration criterion, since penetration of, for instance,
mylar and aluminum, cannot be directly compared until the
influence of a target properties is determined, In Fig. 2,
the Ames criterion (equation 5) has been used to convert the
actual thicknesses to "equivalent aluminum"., This may be
particularly questionable for the wire-grid targets, which
require complete severing of the wire for an indication.

The body of these experiments show "no puncture", suggesting
that the fluxes are such that the probability of puncture is
0.5 or less, For simplicity, the points are plotted as (less
than) the reciprocal exposure.

The resulting data points are not inconsistent with the pene-
tration curve derived from the meteor data, particularly
congidering the very poor statistics involved, The extrapola-
tion of this curve is also shown on Fig. 2.

Acoustic Measurements

A rather different state of affairs is presented by the body
of data obtained from microphone measurements, Many satellites
have carried sensors sensitive to the momentum of incident
particles, Calibration is conventionally performed with low
velocity particles, but has been checked with prigectiles
accelerated to five or six kilometers per second—~, The
calibration constant probably varies a factor of three or
four systematically with velocity, since the net momentum
transferred to the detector will increase as cratering be-
comes pronounced.
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The acoustic measurements exhibit good statistics and are
self-consistent over a large range of fluxes. To plot these,
the Ames equiation (equation 4 ) is rewritten

3 = 4,05 10713 A v (mv) (15)

For these dust particles, it is customary (9) to assume a
somewhat higher density and a somewhat lower velocity than
for the meteors. We choose a specific gravity of 1 (103kg/m3)
and a velocity of 1.8 10"m/sec. To plot the data (Appendix
IV), we express (15) in terms of c.g.s. momenta, P; the pene-
tration becomes

7 =7.310 p (16)

The results are shown on Fig., 3. It will be noted that, in
contrast with the penetration measurements, the acoustic
fluxes are well above the low-flux extrapolation. Deep space
probes do not show such high fluxes, as indicated by the
Pioneer I point on Fig., 3. Preliminary results from Mariner
also show low fluxes. Near earth, the discrepancy is noted
even in the satellites Samos II and Midas II, which carried
acoustic and penetration detectors simultaneously.

The discrepancy is seen more clearly in Fig. 4, which is
plotted on a smaller scale. At the ugger ieft are data from
the "Venus Flytrap'" sounding rocket (157, These are most
extreme in all respects. The "Flytrap" collected particles
at altitudes between 90 and 160 kilometers. These motes are
the smallest and most numerous detected by any technique.
Even so, the number of penetrations found in 6 micron mylar
film falls below the extrapolated penetration curve, The
penetrations are far from hypersonic, the hole diameters be-
ing many times the thickness of the film,

As Alexander et al have shown(12), the discrepancy is not
apparent on a mass scale, provided that penetrating particles
are characterized by diameters approaching the "eritiecal
dimensions for fracture" of the detectors, rather than by

the Ames penetration criterion.

Conclusion

It appears in short as though these small particles are
incapable of anything like the penetrations which would be
inferred from the Ames criterion., It would be very diffi-
cult to assign densities and velocities in equation (15)
which would fit the facts.

Particular properties which have been suggested for these
micrometeorolds are, for instance, that they-are in closed
orbits around the earth, If the orbits were random, an
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average velocity of seven kilometers per second or so would
still be observed relative to earth satellites. As suggested
above, these particles are unlikely to be less dense than the
cometary meteors, and should in fact be more dense.

The notion of special orbits must be eliminated, since com-
parable results are obtained by equatorial and polar orbiting
satellites,

Our current conclusion is to accept the penetration flux of
equation (13). At least for deep space, where the acoustic
results are in agreement, one can have excellent confidence
in this extrapolation. Jud%ing Ey Fig. L4, the penetrating
flux does not exceed 107 ‘m~<sec™ -, corresponding to the pene-
Tration of 6 micron mylar films, This flux rate will be used
below to compute an. erosion rate.

Near the earth, the situation is more doubtful. Rates pre-
dicted by the acoustic measurements are large, and in . clear
disagreement with other experiments., The penetration flux of
equation (13) is retained unchanged, but with somewhat less
confidence.
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EROSTION HAZARD

The erosion hazard is involved with the gradual coverage of

a spacecraft with small pits. The "coverage time", in which
a given area 1is entirely covered with pits, is the reciprocal
of an "erosion rate". For times much shorter than the cover-
age time, however, the attack will be irregular,

The assumptions made above about the flux of penetrating
meteoroids enable the calculation of coverage times., In addi-
tion, coverage times will be computed for the near-earth region
assuming the acoustic fluxes. The resulting erosion rates far
exceed the only measured rates with which we are acquainted,

Erosion Rates from the Penetrating Flux

We take equation (13) for the flux-penetration relationship.

In accord with the discussion of Section 3, craters of radius
T/1.5 will be formed in semi-infinite solids. These craters
have areas of mn(T/1.5)2,

The "coverage rate", in m2/m2sec is obtained by multiplying
this area by the flux of the appropriate meteoroids, Thus

2 .
T (T/1.5)° "N(T) = C (17)
From equation (13), we substitute for T, obtaining
c(N) = 1071 N1/3 (18)

That is, the erosion problem is most serious for high fluxes,
Fig. 4 suggests that the penetrating flux, i.e, the flux
consistent with_equation (13) does not extend above

N = 10-1m=2gec-1, ubstituting in equation (18) we obtain

C max = 5 10-12gec™* for the "coverage rate", The corres-
ponding coverage time is 2 1011 seconds, or approximately
six thousand years.,

The depth, T, to which this coverage has been attained is
about 10 microns. The corresponding erosion rate is 10-20
angstrom units per year,

This value }E not badly inconsistent with other estimates,
¥, Whipple( ), for instance, suggests (from studies of the
radio "ages" of meteorites) that an erosion rate of 12 AU/yr

makes excellent sense.

To conclude, it appears that at least in deep space, tﬂe
erosion problem will appear as a coverage of about 10-7 of
the spacecraft area with small pits, every year,
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Near-Earth Erosion Hazard

Using the acoustic measurements to estimate an erosion hazard
near earth, one obtains considerably larger values. As in-
dicated above, we feel that these are not realistic,

From Fig. 3, we obtain a hand fit to the acoustic data.
Expressed logarithmically, this is

log N = -20,5 - 4,3 log T (19)
We now substitute in equation (17). The result is

¢ (N) = 4.5 10710 y-5% (20)
As shown in reference 12, the acousgi

usually extended above a flux of 10
to a penetration of about 3 microns,

9>measErements are not
esec” s, corresponding

We substitute the flux value in (20), and obtain a coverage
time of almost two years. The inferred erosion rate is about
2000 AU/year,

McKeown & Fox(23) report a measurement of the erosion of a
gold surface in low earth orbit (Discoverer 26), The erosion
is 0.2%0.1 AU/day, or 70 angstrom units/year. This is
attrib%tgd entirely to sputtering. The arga 6flthe sensor

is 107°’m*=, If penetrating fluxes of 103m~“sec” occur, hnearly
a thousand micrometeoroid impacts a day would have occurred,

whereas the authors identify only one impact in six days.
Our conclusion i1s that the near-earth erosion rate is less

than 100 AU/year, and that the body of this is associated
with sputtering, not micrometeoroids.

Frosion Hazard on the Lunar Surface

Quantitative estimates of the erosion hazard on the lunar
surface are extremely difficult to make prior to the release
of systematie studies of "ejecta" from primary meteoroid
craters.,

In view of the lack of knowledge, we suggest planning on an
erosion rate doub%e that estimated for deep space, i.e. a
coverage of - 107~ with pits of radius several microns in

a time of one year. In a ten-day mission, the hazard is
negligible, As emphasized above, there is no direct support
for this estimate. Any experimental evidence would be ex-
ceedingly valuable,
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CONCLUSIONS

An attempt has been made to define the hazards to Project

Apollo associated with particulate matter in space. Where
information is clearly available to us, it has been used.

Where information has been lacking, arbitrary assumptions

have been made,

Such a "model" has general usefulness only inasmuch as it
is up-to-date, and as its deviation from other proposed
models are either justified or explicitly allowed by error
estimates,

It is felt that the estimate of penetration hazard is in
excellent agreement with other estimates, with the exception
that the determination of luminous efficiency may differ.
Our present estimate is considered "good',

Further calibration will arise from the "simulated meteor
experiments"” currently underway with NASA funding. Revision
should be undertaken when firm reports are available.

The estimate of erosion hazard in deep space is considered
satisfactory, in that the 10-20 angstrom per year figure can
not significantly affect spacecraft design. The near-earth
erosion estimates are not considered satisfactory, in that

the information 1s contradictory. The possibility of sub-
stantially great erosion rates is allowed by the data. The
current S-55 satellite (Explorer XVI) should make clear the
discrepancy, 1f any, between acoustic and penetration measure-
ments, and allow a proper calibration.

The estimates of penetration and erosion on the lunar surface
must be held in some doubt, The whole problem of ejecta
requires (and is currently receiving) careful study. Weighing
more than this 1s the complete lack of empirical information.
A single measurement, anywhere in the flux range, for the
surface of the moon would enhance the confidence of the whole
fabric.
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APPENDIX T PENETRATION CRITERIA

Several penetration criteria are compared in this zappendix. As
published, they differ in form and units. In Table I, follow-
ing, the published forrmulae are reproduced, with the exception
that the symbols are chosen consistently. Thus, My, V¢, and Rg
are the mass, volume, and radius of the hemispherical hyper-
velocity crater. The mass and radius of the particle are m and
r. 'The densities of target material and particle are/’t and/Q .
The velocity of the particle is v; the wvelocity of sound in tﬁe
target is c¢. Other parameters are identified in the table.

In the second column, the criteria are reduced to a standard
form, as nearly dimensionless as 1s practicable. The ratlio of
. eJected to incident mass is equated to a prcduct of a density
factor and a velocity factor.

(45 Y

Where the target density does not appear explicitly, the particle
density is normalized to the density of aluminum. Otherwise
numerical coefficients are lumped in vy. Hardness or "erushing
strength" are lumped with the target density so as to give a
normalizing velocity of the form strength/density)l/z.

In the last column, the formulae are evaluated for normal inci-
dence of an aluminum pellet on aluminum. The resulting value for
Vo in km/sec is tabulated. The Brinnell Hardness number for
aluminum is taken as 170 km/mmg. This number is the right order
of magnitude for a crushing strength as well, and for simplicity,
is so used. In comparing the criteria, it will be seen that the
Vo for the three square law treatments average 1.3 km/sec % 30%,
and that the three linear treatments average .17 kun/sec * 13%.
The cross-over occurs about 11 km/sec.

The choice between the criteria will be made via further exper-
imental work. IT should be noted that the Brinnell Eardness
number has a rather poor reputation among physical metallurgists;
it is easily measured but very difficult to relate to more
fundamental material constants. If possible, a more physically
meaningful quantity should be used.
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APPENDIX TIT THE PROPERTIES OF VISUAL METEORS

This appendix briefly summarizes the relation between "visible
magnitude" and the meteoroid properties of interest, i.e. mass,
velocity, and structure, Some preliminary results on simulated
meteors will be discussed.

Complete aceounts of the theory occur in Opik(lo), Levin(l6),
and throughout the papers of the Harvard Group. Our purpose

is not to present a rigorous and complete treatment, but rather
to define the problem enough so that the theory and experiment
can be compared,

Briefly, it appears that the theoretical treatments are in excel-
lent accord with the facts as far as simulated solid meteors are
concerned. Since the nature and composition of dustballs are
unknown, fthere will probably be uncertainty about them for some
time.

Magnitude Scales: Photometry

The magnitude scale is very old. Ptolemy's star catalog ran%s
stars in six "magnitudes"” in diminishing order of brightness )
In modern times, the scale has been made quantitative and ex-
tended in both directions, defining magnitudes above the sixth
for stars visible only in the telescope and negative magnitudes
for the more brilliant objects (the visual magnitude of the sun
is -26,7). Alternate scales (photographic, etc.) are defined
for sensors other than the human eye., These scales are made to
agree for sources of one spectral type (as, Ao stars, for photo-
graphic and visual scales). For thi% %rticle, we standardize

on a conventional photometric scale. 8

A numerical expression for the '"visual astronomieal magnitude",
M, of a source 1is

M= 2,5 log eo./e IT -1
Magnitude is a measure of the "illuminance", e, of the source,
measured in foot candles or lux (meter candles), The constgnt

eo i1s the illuminance of a ZeTo magnitude star, 1,944 x 10~
foot candles or 2,094 x 10-° 1lux,

Absolute Visual Magnitude of Meteors

To remove the effects of range and absorption, visual magnitudes
are corrected to absolute visual magnitudes. That is, magnitudes
are corrected to the value they would have if the meteor were
directly overhead at an altitude of 100 kilometers. In this
case, the absorption amounts to about 20% of the source flux.
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Total Source Flux

If the illuminance at the surface of the earth is e, the total
luminous flux §, at the source is

2 1
§ = (MrR7e) 1-4x IT - 2
where R is the range and 05 the absorption.

Alternately, we may write

2 -0,4M
§=L|'7TReo 10 II—3

-0, _—_—

= Po 10
where Po is the total luminous flux from a'zero magnitude meteor.
At an altitude_of 100 km, and with an absorption of 20%,
do = 3.29 x«lO5 lumens,

This corresponds (685 lumens/watt) to 480 watts of monochromatic
radiation of wavelength 555 millimicrons, This substantial energy
production 1s related to the instantaneous loss of kinetic energy
of the meteor via two factors, one photometric and one physical.

Relative Luminous Efficiency

The "relative luminous efficiency”, ¥, of.any radiation source

is its effectiveness in producing visual sensation relative to a
source at 555 millimicrons, Typical relative luminous efficiencies
are ,1355 for black body radiation at 6000°K, and ,016 for the

iron arc,

Meteor radiation consists of line spectra arising from the decay
schemes of excifted atoms., The iron lines are generally pre-
dominant, other atomic species having much smaller relative
efficiencies, The relative luminous efficiency of a meteor can
be approximated as

¥ = ¥pe Cpe IT - 5

where Cp, 1s the percent of iron in the meteor and 3% ,016 is
the rela%ive luminous efficiency of iron radiation. @roperly,
equation II-5 should be augmented by similar terms for each
element present,

Conversion of Kinetic Energy to Radiation

In addition to the above factors (photometric and chemical), the
Juminous flux from a meteor is reduced because not all of the
meteor's kinetic energy appears as radiation.
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The source of thg radiant power is the instantaneous loss of
kinetic energy, T
d 2

° 1
T = 3¢ 5 mV IT - 6

Of this, a~fraction q appears as radiation; and, as suggested

above, a fraction q ¥, C 1s visuvally effective. The quantity
X : e JHe R . .

g is a function of ve§001%y, Opik's analysis suggests an in-

verse variation with velocity (1/v) for dust balls, and a direct

variation (v) for heavy, compact meteoroids. The two species

are equivalent near 15 kilometers per second,

Comparison of Theory and Experiment

The comparison of theories and experiment is complicated by this
velocity dependence and by a difference in language among the
experts,

Opik tabulates (Table LI in reference (10)) his theoretical
values of the dimensionless quantity

B = a Vg Cpe T -7
for both compact and dust ball cases.

R., E. McCrosky and R, K, Soberman have reported results from an
artificial meteor experiment. A small (2.2 gm) stainless steel
pellet was accelerated by a Trail Blazer II rocket; it re-
entered the atmosphere with a veloclity of 10 kilometers per
second, and was okserved by the standard two-camera technique.

In the reduction, a "luminosity coefficient” T is employed
which includes all of the constants mentioned above, It is
assumed that €=%,v, and T, is tabulated,

In our formelism, we could express the relation between kinetic
energy and luminous flux as

0.4M

<] , =

T q \% Chre = & = §o 10 IT - 8
The Harvard Group generally uses

[ j - -

T to V o lo"'OoLl'Mpg = 10 072 OQLI‘M II _ 9

where Mpg = M-1.8 is the photographic magnitude of the meteor.

Thus, to compare with Opik (II-7), we write
q ¥, C
o= 27t =B 4072 IT - 10
$.107° 1= v $o v
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The simulated meteor experiment yields & value

(flux of zero photographic magnitude meteor)
grams cm- Sec™H TT-11

2, = 8x1071?

This is described as a lower limit, The expected range is
(6.6-8,6). A possible correction for the chromium content of
the pellet would lead to a range of (3, 10) x 10-19,

We insert the value derived above for Po (480 watts), obtaining

B = 7.0 x 1010
v

We evaluate at 15 km/sec and obtain the following experimental

value, recalling that it 1s quoted as a lower 1imit and has an

uncertainty something near two times associated with it.

seconds/cm I1-12

Iron B = 1073 (Experimental) IT - 13

(10)’ does not distinguish befween iron. and
stone meteoroids, i.e. no composition dependence is implied.
For velocities of 14,8 km/sec the values of B are as follows
for the "dilute coma' and "compact coma" (comparable with
McCrosky)~ cases:

Opik, in his Table LI
. €

B dilute = 1.00x10"3

B compact = 1.10x1073 (Theory) II - 14

-

The agreement may be mildly described as excellent,

Additional Information

A very detailed analysis of three pho+o%§aphic meteors has been
made by Cook, Jacchia, and McC’rosky,.(2 By careful study,
they estimate the radius of an iron meteor (0.5 r ¢ 0.9 cm)
and derive a mass and hence a luminosity coefficient, Choosing
r = 0.7 cm, they obtain

To = ox10718 (units as above) range (1 to 6) II - 15
or
% = 1.8x10™2 seconds/cm

B = 2.7x10-3 at 15 km/second (Experimental) II - 16

The uncertainty here is presumably rather more than two times.
The agreement is good.
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Luminous Efficiency of Dust Balls - Conclusions

As noted in the text, Opik's formula "for statistical use" with
dust balls has been employed, His luminous efficiency is, how-
ever, divided by a constant L.
-3
p =22 (v =15 kn/second) ITT - 17
As stated above, however, luminous efficiency should have the
form

B=gqg X IT - 7

Fe CRe
This has the authority of the Harvard Group and Levin, the com-
position of dust balls is unknown, but may agproach meteoric

stone (15% iron), If we accept B = .5-5x107> as the range
allowed by the experimental results for pure iron, with a probable
value near one or two, good dust ball values for L would range
from 1 to 10, 3x being a logarithmic mean. The chosen value,
2.78, has the significant advantage of fitting a previously
established penetration hazard model. There seems to be no

regson to abandon it,.

Further work on the simulated meteor program will tie down the
value of € and its variation with velocity and composition,
Little direct information on dust balls will be obtained, since
the nature of these objects is so little understood.



- A8 -

APPENDIX III _ CONFIDENCE IN EQUATION (13)

We wish to estimate the confidence in equation (13) as far as
the significant flux for the Apollo spacecraft is concerned
(1O”llm'2sec‘l), Equation (13) may be rewritten in the follow-
ing way, now retdining all the adjustments:

3N = 6.6 10_22vo'3Lf; © (N /2 10%) (11,7)® m/sec

To adjust the flux, the fifth magnitude value, Ny, appears. To
account for a possible momentum dependence of penetration, the
last factor is included., The exponent & = 1 in that case, 0
otherwige, If the density dependence of the Ames criterion is
false, A, should be set to the aluminum value, 2.7 103kg/m3.
Formally, the slope of the flux-magnitude plot should also
appear. For discussing the penetration hazard, we will lump
its uncertainty with that in Nj.

Preliminary estimates suggest that L may vary by a factor of
three, The density may vary perhaps five times. Ny may be un-
¢ertain by a factor of about four. In the case of momentum
dependent penetration, the factor (11/v) will-be one third for
the average meteoroid, The logarithmic errors are then, res-
pectively, .5, .7, .6, .5. The approximate expected deviation
is estimated by taking the root mean square of the logarithmic
deviations,

/25 + B9 + .36 + .25 = 1.16

or about 15x in flux, This amounts to 2.5x in penetration.
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APPENDIX TV FLUX CHART DATA

The data employed here are taken largely from reference (12), an
excellent and complete review, As shown in the text, the acoustic
measurements are plotted using the following equation:

S = 7.3 1071 p

The penetration in meters is given by T, while P is the momentum
sensitivity of the microphone in dyne-seconds,

In plotting the penetration measurements, the "characteristic
dimensions for penetration’ must be converted to equivalent alumi-
num thicknesses, The choice of the Ames criterion requires, then,
scaling as the two-thirds root of the product of target density
and velocity of sound. When more data is available, the smooth-
ness of such a plot will be helpful in choosing a proper penetra-
tion law, The few penetrations recorded here would plot more
smoothly without the transformation,

In particular, the transformation for mylar films may be in
question, since the film properties have been, in part, estimated.

The preliminary results from_the "Venus Flytrap" sounding rocket(lu)
give a flux of 300 per meter-sec of particles having diameters

above 3 microns, The flux varies zs tThe inverse 1.& pgwer gf
diameter in the flux range of 3x102 to about 1.6x10"m~“sec™+,

Using the Ames criterion, one obtains from these facts

, _ pe 2/3
7 n+833 = 1.18x1073 (SR v (M.K.S.)
lot C
As for the acoustic measurements, #% is taken as 1 gm/cc. The
particle velocity is assumed 10 kilometers/second, giving

833

T N°°23 = L97x107°

Conversion to Equivalent Aluminum

Te = T (Jflmil—) 2/3 _ 7 x a

e “e

Material 2 gm/cc C km/sec A
Pyrex 2,8 5-6 (2) .93
Mylar 1.4 1,4 3.7
Magnesium 1.7 4,6 1.5
Stainless Steel

304 7 5 é?) 54
Copper 8.9 3. .58
Aluminum 2.7 5.1 -

*Computed from Tensile elastic modulus 550,000 psi
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